would exist for a necessary role for RNA in RNase P function. We report here both the separation of RNase P preparations into RNA and protein components and the reconstitution of RNase P activity from the separated components.
Escherichia coli (see ref. 1 for review). This enzyme cleaves tRNA precursor molecules, removing 5' proximal nucleotides to generate the 5' termini of the mature tRNA sequences. It is not yet known how the site specificity of RNase P is determined.
RNase P preparations exhibit properties characteristic of ribonucleoprotein complexes (2) . Highly purified preparations of the enzyme always contain a discrete RNA species (M2 RNA) and have a buoyant density in CsCl typical of an RNA-protein complex. Additionally, enzymatic function can be destroyed by treatment with either proteases or RNases. If M2 RNA is indeed necessary for RNase P function, then RNA and protein subfractions of RNase P preparations should not, by themselves, show any RNase P activity. Furthermore, if RNase P activity could be reconstituted when the RNA and protein subfractions are mixed together under suitable conditions, then strong evidence would exist for a necessary role for RNA in RNase P function. We report here both the separation of RNase P preparations into RNA and protein components and the reconstitution of RNase P activity from the separated components.
METHODS
RNase P Preparation. RNase P was prepared by scheme I and assayed as described (2) . The successive column chromatography steps in this scheme are DEAE-Sephadex, Sepharose 4B, Sephadex G-200, and n-octyl-Sepharose. The precursor to E. coli tRNATYr was used as substrate in all the experiments described here (3) .
M2 RNA Preparation. 32P-Labeled M2 RNA (identical to band IX of ref. 4 ) was prepared by growing E. coli MRE 600 in low-phosphate medium, containing about 0.5 mCi (1 Ci = 3.7 X 1010 becquerels) of 32PO43 per ml, for 2 hr at 370C. Cells were labeled at a concentration of 108/ml and, after the 2-hr labeling period, were extracted quickly with phenol. Analysis of low molecular weight RNAs was performed in 5% polyacrylamide gels. These methods are similar to those used by Ikemura and Dahlberg (4) . M2 RNA (and 5S RNA for use as a mobility marker) was electrophoretically eluted from a slice
The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "ad- with a total volume of 50 ml; i-ml fractions were collected at a flow rate of 10 ml/hr. (iii) CM-Sephadex: 6 ml of RNase P (200 ,ug of protein) purified through the n-octyl-Sepharose step of scheme I (pooled peak fractions) was dialyzed against 50 mM NaOAc at pH 7.2 containing 7 M urea and loaded on a CMSephadex column (1 X 2 cm) preequilibrated with the same buffer. The column was eluted with a linear salt gradient, 0-0.5 M NaCl in the above NaOAc buffer, with a total volume of 30 ml; 1-ml fractions were collected at a flow rate of 20 ml/hr. Sodium Dodecyl Sulfate (NaDodSO4)/Polyacrylamide Gel Analysis. Gels were made according to the directions of Tsai et al. (5) . The dimensions of these gels were 10 X 10 X 0.2 cm. Samples were prepared as described in ref. 6 When RNase P purified through the Sephadex G-200 step of scheme I (2) was chromatographed on a Sephadex G-200 column in buffer containing 7 M urea, there was some separation of the RNA and protein in the preparation (Fig. 1A) . The RNA in this RNase P preparation was eluted prior to the protein. Fraction 4, from the leading edge of the RNA peak, was free of protein and fraction 8, from the trailing edge of the protein peak, was free of RNA as judged both by spectrophotometry and by analysis of these fractions in NaDodSO4/ polyacrylamide gels. Fractions 5 and 7 were cross contaminated with small amounts of protein and RNA, respectively.
A better separation of the protein and RNA in RNase P could be achieved by DEAE-Sephadex chromatography in buffer containing 7 M urea. In this case (Fig. 1B) , the protein component was eluted in the flow-through fraction. This indicates that the protein component, at this stage of RNase P purification, was primarily basic protein. As expected, most of the RNA was so tightly bound to the column that it could not be eluted even with 1 M NH4Cl. When RNase P was chromatographed on a DEAE-Sephadex column in the absence of urea, the enzymatic activity eluted with 0.5 M NH4Cl.
The protein and RNA components of RNase P purified through the n-octyl-Sepharose step of scheme 1 (2) were separated by chromatography on CM-Sephadex in buffer containing 7 M urea (Fig. 1C) . In this case, the anionic RNA was present in the flow-through fraction and the cationic protein bound to the column and was eluted as the ionic strength of the buffer was increased.
An analysis of the eluate from a urea/CM-Sephadex column is presented in Fig. 2 . Various fractions from the column eluate were pooled and analyzed in NaDodSO4/polyacrylamide gels. Only the flow-through fraction contained RNA (lane 3). The position of the protein (C5) responsible for RNase P activity is shown in lane 7 along with a sample of RNase P representing pooled fractions from the broad peak of activity eluting from an n-octyl-Sepharose column (lane 6). Pooled peak RNase P activity from n-octyl-Sepharose columns was used as load enzyme for the urea/CM-Sephadex column. The flow-through fraction from this column was not totally devoid of protein.
In particular, trace amounts of the C5 protein were visible in the original gel.
The gel system we used to analyze column fractions gave much better resolution than the system we previously used (2). We previously reported that peak fractions of RNase P purified through scheme I exhibited a single, but broad, protein band in 7% polyacrylamide gels. We now find that this broad band can be resolved into two or three polypeptides, of varying molar yield, depending on the preparation. However, when such preparations are rechromatographed on n-octyl-Sepharose, C5 is always apparent as the major protein component in the peak In C, the flow-through fraction had a volume of 6 6 , pooled fractions from the front half of the peak of RNase P purified through the n-octylSepharose column step of scheme I (2); 7, peak fraction of RNase P activity from n-octyl-Sepharose column rerun under the same conditions as described in ref. 2 of enzyme activity and is present in 70-95% purity, again depending on the preparation. An example of the purest material is shown in lane 7 of Fig. 2 .
Fractions from the three urea-containing columns described above were dialyzed against buffer B to remove the urea and then were tested for RNase P activity. No fractions that were either totally free of protein but contained RNA or that were totally free of RNA but contained protein exhibited any RNase P activity. The results obtained in mixing experiments or with fractions that contained both RNA and protein are discussed below.
Isolation of Pure M2 RNA. Two methods were available for the isolation of M2 RNA. The first method utilized phenol extraction of whole cells followed by separation of the desired RNA species on polyacrylamide gels. The second method relied on extraction of M2 RNA directly from purified RNase P. In this case, RNase P purified through the Sephadex G-200 step was analyzed in a NaDodSO4/polyacrylamide gel that resolved M2 RNA from other protein and RNA species (Fig. 3 ). The M2 RNA was then eluted from these gels and further purified of NaDodSO4 and contaminating gel material. To show the congruence of M2 RNA isolated by either method, 32P-labeled M2 RNA isolated as described in Methods was coelectrophoresed with RNase P in a NaDodSO4/polyacrylamide gel (Fig. 3) . The gel was stained with methylene blue and autoradiographed. The 32P-labeled material coincided with staining material with the mobility of M2 RNA. We show below that RNA with the mobility of M2 RNA eluted from these gels is active in RNase P reconstitution reactions. The similarity and homogeneity of M2 RNA isolated by either method described above can also be shown by examination of RNase Ti-generated fingerprints of 32P-labeled M2 RNA prepared either from 32p_ labeled phenol extracts of whole cells or from 32P-labeled RNase P preparations (unpublished data). (Fig. 1B) and 3 Mg of the appropriate RNA were mixed and assayed for RNase P activity. In the figure, ptRNA, "tRNA" and 5' indicate, respectively, the positions of intact precursor to tRNATYr, and RNase P cleavage products containing the mature tRNA sequence, and the 5' proximal extra 41 nucleotides. Lanes: 1, no enzyme in assay mixture with tRNATYr precursor substrate; 2, excess RNase P in assay mixture; 3-5, M2 RNA added in the reconstitution mixture (2, 5, and 10 Ml, respectively, of the reconstitution mixture assayed for activity); 6, buffer B containing 7 M urea and no RNA added to reconstitution mixture (10 MA of mixture assayed for activity); 7, M2 RNA alone (3Mg assayed for activity); 8-10, 16S and 23S rRNA, 5S RNA, and bulk tRNA, respectively, added to reconstitution mixtures (10 MI of each mixture assayed); 11-13, RNase P purified through the Sephadex G-200 step was treated with 7 M urea as in reconstitution mixtures and then dialyzed directly against buffer B without urea (0.5, 2, and 5 Ml were assayed); 14, as lane 1.
Reconstitution of RNase P Activity. RNase P activity could be reconstituted from mixtures containing the C5 protein, M2 RNA, and 7 M urea. Upon removal of the urea by dialysis, RNase P activity was detectable. Some of these results are shown in Figs. 4 and 5. Note first that, when unseparated RNase P was mixed with 7 M urea and then dialyzed to remove the urea, about 30% of the starting activity was obtained (Fig. 4, lanes  11-13) . It is apparent from the results shown in lanes 6 and 7 of Fig. 4 Reconstitution experiments similar to those described above were performed with the more highly purified protein component eluted from urea/CM-Sephadex. In this case (Fig. 5) , M2 RNA mixed with pooled fractions 15 and 16 (see Fig. 1C and Fig. 2 , lane 5) gave successful reconstitution. Pooled fractions 9-11 (Fig. 2, lane 4) [15] [16] showed no reconstitution at all. The flow-through fraction, which contained the enzyme's M2 RNA and is cross contaminated with trace amounts of C5 protein, had some residual activity with or without added M2 RNA in the reconstitution mixture (Fig. 5, lane 3) .
Further experiments were carried out with fractions from a urea/Sephadex G-200 column (Fig. 1A) . In this case, reconstitution was achieved by mixing fractions 4 The amount of active RNase P reconstitution in reactions with urea/CM-Sephadex protein fractions and added M2 RNA was linearly dependent on the amount of added M2 RNA when the amount of protein was held constant. The reconstituted RNase P activity reached a plateau at a molar concentration of M2 RNA corresponding to approximately the molar concentration of C5 protein in the mixture (data not shown). The non-CS protein in the mixture, which was in excess compared to C5 in the preparation, did not prevent reactivation of the RNase P complex.
Partially Degraded M2 RNA Is Active in Reconstitution Experiments. Because highly purified preparations of RNase P sometimes contain several-RNA bands (methylene blue staining) in addition to a prominent M2 RNA band, we wished to determine if these other RNAs are essential for enzyme function or whether they may be merely degradation products of M2 RNA. To answer this question we isolated RNA of various electrophoretic mobilities from a 7-15% linear gradient NaDodS04/polyacrylamide gel analysis of RNase P and used these fractions in reconstitution experiments. M2 RNA (RF = 0.19) and an RNA fraction (RF = 0.32) somewhat smaller than M2 RNA gave significant reconstitution in the appropriate experiments ( Table 1 ). The other species of RNA were not significantly active. Part of the activity of the RF = 0.32 RNA may be explained by the fact that, when rerun in a 7-15% gradient gel, a trailing portion of this RNA overlapped with the RNA at the position of M2.
When intact M2 RNA was partially degraded by mild alkaline hydrolysis ( Fig. 5 . Flow-through fraction from a urea/DEAESephadex column was used as the protein donor (Fig. 1B) . * The flow-through fraction from a urea/CM-Sephadex column was prepared and electrophoresed on a 7-15% linear gradient NaDodSO4/polyacrylamide gel. Slices of gel corresponding to the mobilities listed were cut out, eluted electrophoretically, and further purified by chromatography on CF-11 cellulose (9). t Purified M2 RNA was partially degraded by alkaline hydrolysis (10) at 90°C (50 mM Tris-HCl, pH 9. Fig. 2, lane 7) nor do the protein preparations that yield reconstituted RNase P activity (Fig. 2, lane 5) . Thus, several different proteins would have to exhibit a highly specific interaction with M2 RNA (and no other RNA) to account for a possible indirect role of M2 RNA in RNase P function.
Several ribonucleoproteins with demonstrable biological activity have been reconstituted from their separated components. Among these are ribosomes (I1), RNA viruses (12) , and an amylose isomerase isolated from rabbit muscle (13, 14) . The role of RNA in this last enzyme complex has not been elucidated. RNA is also thought to affect other enzymes with which it copurifies (15) (16) (17) 
